Abstract-Vehicle speeds of roads are measured by the Intelligent Transportation Systems (ITS) through some sensors or software solutions. Our previous work proposed the Lin-ChangHuangfu (LCH) scheme to compute the cell residence times by the standard counter values in the mobile telecommunications switches without any modification to the telecommunications network. In this paper, we extend the LCH scheme and some filtering techniques to estimate the vehicle speeds, and validate our approach with the vehicle detector measurements at National Highway 3, Longtan Township, Taoyuan County, Taiwan. Our study indicates that the LCH scheme can provide accurate vehicle speeds.
I. INTRODUCTION
Most Intelligent Transportation Systems (ITS) measure the vehicle speeds of the roads to assist vehicle drivers to estimate the travel times and to avoid the traffic jam. To provide this service, an ITS server is responsible for collecting and/or computing the vehicle speeds. This traffic information provided by the ITS server can be accessed by the users through the Internet. The vehicle speed measurement approaches can be classified into three categories:
Vehicle Detector (VD) [1] : the VDs are installed in the roads to measure the speeds, and the speeds are reported to the ITS server through a wireline or a wireless network. Global Positioning System (GPS)-based Vehicle Probe (GVP) [2] , [3] : the User Equipments (UEs) in the vehicles are equipped with GPS mechanisms, which send the GPS coordinates and time information through the mobile telecommunications network to the ITS server, and the ITS server computes the speeds. Cellular Floating Vehicle Data (CFVD) [4] , [5] , [6] : based on the call activities of the UEs, the ITS server tracks the locations of the UEs at the cell (i.e., the radio coverage of a base station) level, and estimates the cell residence times of the UEs for deriving their moving speeds. The VD approach suffers from the high construction and maintenance costs for detectors [4] , [6] . The GVP approach requires that the UEs are equipped with the GPS receivers, and consumes extra radio resources to transmit the GPS data. Furthermore, our experience indicates that very few vehicles with the GPS receivers may travel in many country roads, and the traffic information for these roads is difficult to obtain from the GPS data. The CFVD approach requires extra signaling links and network nodes in the mobile telecommunications network to monitor the signaling messages delivered between the UEs and the core network.
Our previous work [7] proposed the Lin-Chang-Huangfu (LCH) scheme, an enhancement of the CFVD approach that does not require extra hardware to collect the data as the CFVD does. The LCH scheme computes the cell residence times by the standard counter values in the mobile telecommunications switches. In this paper, we extend the previous work by using the computed cell residence times to estimate the vehicle speeds, and validate our approach with the VD measurements at National Highway 3, Longtan Township, Taoyuan County, Taiwan. In particular, we propose filtering techniques to obtain more accurate data for computation, which allows the LCH scheme to provide more accurate vehicle speed information. This paper is organized as follows. Section II describes the LCH scheme to compute the vehicle speeds. Section III proposes several techniques for improving the accuracy of the LCH scheme. Section IV investigates the performance of the LCH scheme by numerical examples, and the conclusions are given in Section V.
II. LIN-CHANG-HUANGFU (LCH) SCHEME
The LCH scheme was described in [7] , and the details are re-iterated here for the reader's benefit. Figure 1 illustrates a simplified mobile telecommunications network architecture. In this figure, the Mobile Switching Center (MSC; Figure 1 (a)) is responsible for the call processing and mobility management [8] . The MSC is connected to a group of base stations. The radio coverage of a base station is called a cell (see the dashed circles; Figure 1 (b)). During a phone conversation, the UE in a cell connects to the MSC through the base station. If the UE in conversation moves from one cell to another, then the call path is switched from the old cell to the new cell. This process is referred to as handover.
The MSC records the call activities of the UEs (e.g., when the UE makes/receives a call or when the UE in conversation hands over from one cell to another). The MSC collects the statistics of the activities in each cell for every interval typically ranging from 15 minutes to several hours. Two of the statistics are the number of handovers in and out of the , we define as the timeslot . For the description purpose, we define the road segment for speed estimation as target road segment (i.e., the road segment covered by cell in Figure 1 ). The average speed of the target road segment (Figure 1 (c) ) covered by cell (Figure 1 (b) ) is derived as follows. Let be the minutes of traffic of cell in . In other words, is the number of calls arriving at cell in times the expected call holding times (measured in minutes). Let denote the number of handovers into cell in timeslot . From [7] , the expected cell residence time of the UE arriving at cell in timeslot is
Based on (1), the average vehicle speed of the one-way target road segment is derived as follows. Suppose that the vehicle with the UE (Figure 1 (d) ) in cell moves to cell through cell . Let be the length of the target road segment covered by cell . From (1), the average vehicle speed of the target road segment in can be computed as
Now consider a two-way road. To compute the average speed of each direction in the two-way road, we first determine the moving directions of the UEs by their handover sequences of cells. Then based on the moving directions, we compute and of each direction. The average speed of each direction is computed by and of each direction by using Equation (2).
III. TECHNIQUES FOR IMPROVING THE ACCURACY OF THE
LCH SCHEME This section shows how to improve the accuracy of the LCH scheme. If cell (Figure 2 (a) ) also covers the non-road area other than the target road segment (Figures 2 (c) and (d) ), (Figure 2 (b) ), which may significantly reduce the accuracy of (2). To resolve this issue, we first introduce the standard location update procedure in mobile telecommunications network, and then show how to identify the UEs in the target road segment from the UEs outside the target road segment but in cell . In mobile telecommunications network, the cells are grouped into LAs (e.g., LA contains cells and in Figure 2 (e)). When a UE (Figure 2 (f)) moves from one LA to another, the UE executes the location update procedure to inform the MSC of its new LA. The location update messages are delivered from the base station to a mobility database (specifically, Visitor Location Register or VLR) through the MSC. Based on the location update, we propose the following technique to identify the UEs in the target road segment: Technique 1. For every UE which has the call activities in cell , let cell be the cell where the UE performs the location update when entering the LA of cell , and let cell be the cell where the UE performs another location update when leaving the LA of cell . If both cells and cover the road, the UE is identified in the target road segment. For example, in Figure 2 (f), when the UE moves from LA to LA through LA , one location update is performed in cell of LA (i.e., cell ), and another location update is performed in cell of LA (i.e., cell ). Because both cells and cover the road (Figure 2 (b) ), the UE is identified in the target road segment.
Depending on different destinations of vehicle drivers, some vehicles may be stopped before leaving the LA of cell , or move from the road to another road (see Figure 3 (a) ). In this case, those UEs may not be identified by Technique 1. To resolve this issue, we propose another technique:
Technique 2. For every UE which has the call activities in cell , if the UE's handover sequence of cells contains at least three cells which cover the road, the UE is identified in the target road segment.
In Figure 3 , if the UE's handover sequence of cells contains cells , , , cells , , , or cells , , , the UE is identified in the target road segment. For the UEs identified by Technique 1 or Technique 2, we use their handover information and call holding times in cell to compute and of the target road segment. Then the average speed of the target road segment is computed by using (2).
Although Techniques 1 and 2 effectively exclude the UEs not in the target road segment, these techniques also reduce the number of the observed calls. It is clear that if few calls are observed in , too few samples are collected to reflect the actual average speed of the target road segment. To resolve this issue, we use the historical data if the speeds of the road segment are generally similar in the timeslots of the past days. We consider and in the past days to improve the accuracy of (2). The LCH scheme with -day historical data is described in the following technique:
Technique 3. The average speed of the target road segment with -day historical data is computed as hours hours
Next section shows that a small (e.g., 1 or 2) is good enough to produce accurate results. 
IV. NUMERICAL EXAMPLES
This section compares the vehicle speeds derived from the LCH scheme with those measured by the VD scheme. We have obtained the vehicle speed data of National Highway 3 at Longtan Township, Taoyuan County, Taiwan (see Figure 4 (a) ). The speed data were published by Ministry of Transportation and Communications, Taiwan, which were measured by the VD at the 66 km of the highway (see Figure 4 (b) ). From a base station at Longtan Township (about 66.8 km of the highway; see Figure 4 (c)), we also utilize Techniques 1 and 2 to obtain the number of handovers and the minutes of traffic from a cell of length km and hour.
Let be the vehicle speeds measured by the VD ( ), computed by the LCH scheme ( ), and computed by the LCH scheme with historical data ( ), respectively. For , we use and in the past one day to improve the accuracy of the speed prediction (i.e., in Equation (3); our experiments indicate that for , the performance is not improved). Figures 5(a) and 5(b) plot from 8:00 to 20:00 on September 16, 2011, in the northbound and southbound directions, respectively. These figures indicate that the trends of speeds are consistent among the VD, the LCH scheme, and the LCH scheme with historical data in both directions. For , we define the discrepancy as
Based on Figure 5 , Figure 6 plots for . The figure indicates that are below 20% in most cases, and are always less than 30%. This figure also indicates that the accuracy of the LCH scheme is improved by using one-day historical data (i.e., the values of the curves are smaller than those of the curves in most cases).
We have also collected and during 8:00 to 20:00 over 49 days (September 13, 2011 to October 31, 2011) from the mobile telecommunications network. Based on the observed data, our study indicates that is 12.7%. By using historical data, is reduced to .
V. CONCLUSIONS
This paper extended the previously proposed Lin-ChangHuangfu (LCH) scheme to derive the vehicle speeds, and proposed several techniques for improving the accuracy of the LCH scheme. The vehicle speeds derived from the improved LCH scheme are compared with those measured by the VD scheme. The discrepancy between the LCH scheme and the VD scheme are within 20% in most cases. Our study indicates that the LCH scheme can appropriately capture the vehicle speeds of the roads, and can avoid expensive deployment costs of existing approaches (e.g., sensor deployment of the VD scheme).
